A critical need exists for the development of next-generation genomic analysis instrumentation capable of offering significantly higher throughput at a lower cost than current technology. In this paper, we explore the potential of natural convection-based systems to address these issues by providing a thermocycling hardware platform capable of performing rapid polymerase chain reaction (PCR) amplification of DNA. These systems can be arrayed in a multi-well format that is simple to operate, is suitable for integration with high-throughput automated liquid handling systems, and can be easily and inexpensively mass-produced. ( JALA 2004;9:318-23) 
INTRODUCTION
Many modern genomic and molecular biology assays involve selective amplification of specific regions of interest within a larger DNA template to extremely high concentration levels, followed by extraction and purification of the amplified products for subsequent analysis. The polymerase chain reaction (PCR) is typically used to perform this amplification, and is a key component in a wide variety of assays encompassing genomic analysis and sequencing, detection of infectious disease agents (e.g., influenza, E. coli, influenza, SARS), analysis of forensic samples, and medical diagnostic tests. In each of these applications, the current inability to perform PCR amplification in a rapid and inexpensive format continues to pose significant challenges to efforts aimed at moving DNA analysis technology out of the laboratory and directly into settings where the information is most needed. 1 The underlying mechanics associated with PCR are fundamentally simple. A typical protocol involves first pipetting a PCR-reagent cocktail (template DNA, primers, dNTPs, thermostable Taq polymerase enzyme, etc.) into plastic reaction tubes or multiwell plates. These tubes or plates are then inserted into a programmable thermocycling machine that repeatedly heats and cools the static reaction volume to temperatures corresponding to denaturation of the double-stranded target DNA (95 C), annealing of primers to complimentary locations on the denatured single-stranded fragments (50-60 C), and enzyme catalyzed extension to synthesize the complimentary strands (72 C). Under ideal conditions, this scheme yields a doubling of dsDNA (double-stranded DNA) copies of the target region upon completion of each cycle (Y = (1 þ x) n ; where Y is the copy yield, n is the number of cycles, and x is the mean efficiency per cycle). The total time required to complete one cycle of amplification includes the time over which the temperature of the reaction mixture must be held constant at each temperature step (''hold time''), as well as the time required to heat and cool the reaction mixture between successive steps (''ramping time''). In conventional bench-top thermocyclers, cycling times are primarily limited by the rate at which inactive hardware elements (e.g., metal blocks) can be heated and cooled, rather than the kinetics of the reaction itself. Consequently, it is not uncommon for a 30-40-cycle amplification reaction to require 2-3 h of total time to complete, thereby limiting achievable throughput. These times can be reduced somewhat in assays that do not require the reaction to run to completion (e.g., real-time PCR).
The development of novel strategies to reduce the thermocycling time associated with the PCR process continues to be an active area of research. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] A variety of commercial products are currently available employing approaches ranging from the use of glass capillaries instead of plastic reaction tubes in order to achieve more efficient heat transfer (e.g., Light Cycler; Roche, Basel, Switzerland) 2 to the use of robotic arms to transfer multi-well plates between constant-temperature surfaces in order to minimize temperature over/under-shoots (e.g., RoboCycler; Stratagene, La Jolla, CA). Microfluidic systems designed to achieve improved thermocycling performance are also under development (see, for example, the recent review by Kricka and Wilding, 3 and references cited therein). Successful PCR amplification of nanoliter-volume samples has been demonstrated in formats including static reaction chambers etched into the surface of a silicon wafer 4,5 and dynamic continuous flow systems designed to pump reagents through a microchannel network spanning spatially distinct temperature zones. 6 Some groups are also working to produce integrated microfluidic systems to perform PCR amplification followed by analysis using capillary electrophoresis, 7-9 real-time fluorescence detection, 10 and microarray hybridization. 11, 12 Although promising results have been obtained in microfabricated devices, the myriad of complexities associated with integrating fluidic metering, pumping, mixing, reaction, and analysis operations in an inexpensive system offering a reasonable level of compatibility with existing laboratory protocols has thus far limited widespread commercial application of these technologies.
A NEW APPROACH: THERMOCYCLING IN CONVECTIVE

FLOWS
Convective flows are as ubiquitous in the fields of physics and fluid mechanics as PCR has become in the field of molecular biology. These flows occur throughout nature and play a central role in a wide variety of transport processes occurring in the Earth's atmosphere and oceans, and in industrial processes involving chemical reactions, heat transfer, and crystal growth. [13] [14] [15] Of particular interest from both experimental and theoretical standpoints is the case of Rayleigh-Be´nard convection, which arises as a consequence of a buoyancy driven instability occurring when a confined fluid volume is heated from below ( Fig. 1 ). This imposed vertical temperature gradient induces an unstable configura-tion whereby the fluid density at the bottom of the cavity is lower than that of the fluid near the top. The fluid's natural tendency to reorganize in response to this instability, however, is counteracted by the dissipative effects of thermal and viscous diffusion which must be overcome in order for convective flow to occur. The interplay between these competing processes is characterized by the dimensionless Rayleigh number Ra, which expresses the ratio of buoyant forces driving the instability to diffusive restoring forces acting in opposition
Here, a is the coefficient of thermal expansion of the fluid, g is the acceleration due to gravity, T 1 and T 2 are the temperatures of the top (cool) and bottom (hot) surfaces of the cavity, respectively, h is a characteristic length scale (typically the height of the cavity), j is the thermal diffusivity, and m is the kinematic viscosity. When Ra exceeds a critical value, the destabilizing buoyant forces are capable of inducing circulatory motion of the confined fluid between the upper and lower surfaces of the cavity. In low aspect ratio geometries (h/d\\1, where d is the diameter of the enclosed cavity) the critical value of Ra associated with the onset of flow occurs in the vicinity of 1,700. In the case of the high-aspect ratio cavities (h/d>1) we employ for thermocycling, however, the value of the critical Ra scales as C(h/d) 4 , where the value of the pre-factor C depends on the heat transfer properties of the cavity's bounding sidewalls relative to those of the enclosed fluid. [16] [17] [18] [19] The inherent structure of Rayleigh-Be´nard convectionsteady circulatory flow between surfaces maintained at two fixed temperatures-makes it ideally suited as a platform for performing thermally activated chemical and biochemical reactions like PCR. Since a Rayleigh-Be´nard PCR (RB-PCR) device only requires the upper and lower surfaces of the sample cavity to be maintained at constant temperatures-the two reaction temperature extremes (i.e., upper surface %60-70 C, lower surface %95 C)-thermal control is much simpler than in a conventional thermocycler where temperature must be continually varied in a time-dependent manner. Consequently, RB-PCR systems offer the ability to exert a precise level of flow control using purely passive techniques, thereby eliminating the need for moving parts and complex actuation schemes. Further, since the convected reagents maintain a continual state of thermal equilibrium with their surroundings, RB-PCR has the capability to achieve rapid cycling times approaching those attainable in microfluidic systems and, at the same time, still preserving a format that integrates readily with existing laboratory protocols.
DEVICE DESIGN AND TESTING
In order for RB-PCR systems to perform efficiently, a steady circulatory flow field must be generated so that reagents can be continually shuttled among the temperature zones associated with primer annealing, extension, and denaturing conditions. In addition, the flow must be strong enough to engage the entire fluid volume, yet slow enough so that sufficient time is spent within each temperature zone to allow the corresponding reactions to reach completion. In enclosed cavity systems the parameters available to control fluid motion are the Rayleigh number and the aspect ratio h/d. For PCR thermocycling, the reactions are performed in aqueous solution thereby fixing the fluid properties (j,m), whereas DT is set by the annealing/extension and denaturing temperatures applied at the opposing surfaces of the RB-PCR cell. These constraints leave reactor geometry as the primary flow control parameter. Our initial studies focused on a series of RB-PCR devices incorporating cylindrical reaction chambers (h/d = 10; volume = 35 lL) with the upper and lower surfaces maintained at 61 and 97 C, respectively. These devices were used to demonstrate successful amplification of a 295-base-pair segment of the human ß-Actin gene from a human genomic DNA template. 20 In order to investigate the potential of RB-PCR-based systems to operate in a high-throughput format, we constructed a series of prototype multiwell devices consisting of interchangeable plastic reaction chamber ''cartridges'' sandwiched between two aluminum plates with independent temperature control ( Fig. 2a ). The prototype PCR cartridges incorporated an array of 30 lL reaction chambers, however a wide range of layouts (e.g., conventional 96-or 384-well microplate formats) can be easily produced at minimal cost. The use of interchangeable PCR cartridges offers a substantial level of flexibility, even allowing multiple reactor geometries to be incorporated in the same cartridge so that reactions involving different thermal cycling profiles can be performed simultaneously. Although it is true that different reactor cartridges would be required in order to tailor cycling parameters, it is unlikely that this would impose a severe limitation on the ability to accommodate different reaction parameters. Based on our experience, we find that a given reactor geometry is effective over at least a 5-7 C range of annealing temperatures. This implies that a fixed set of 3-5 ''universal'' reactor cartridges would be sufficient to meet the needs of the majority of template denaturing and primer annealing profiles. Total hardware costs for this prototype device were approximately $300, the majority of which are attributed to the temperature controller.
The loading and operation of the prototype devices is illustrated in Fig. 2b . PCR reagents are pipetted directly into the cylindrical reaction chambers and the upper surface is sealed using the same adhesive film used to encapsulate conventional PCR multiwell plates. Evaporation problems are minimized because the reagents are completely sealed within the reaction chamber. The loaded cartridge is then inserted into the RB-PCR device which is set to maintain the upper and lower surfaces at their respective reaction temperatures. Preheating the device before loading the cartridge minimizes thermal transients so that the convective flow field reaches a steady state within 1-2 min. After the reaction has proceeded for the desired time, the heaters are switched off and the lower (hot) surface of the device is rapidly cooled to room temperature by placing it on top of a chilled aluminum block. This protocol allows the flow (and PCR reaction) to be arrested within a few seconds so that the total reaction time can be accurately controlled. After the reaction is completed, the cartridge is removed from the device and the reaction products are pipetted out for subsequent processing and analysis. No complex sample preparation, loading, or unloading steps need to be performed. That is, instead of pipetting reagents into one reaction tube, an operator merely pipettes reagents into a different reaction tube or cartridge designed for RB-PCR use. The PCR-reagent mixture is identical to that used in a conventional thermocycler.
To demonstrate the suitability of convective flow PCR systems for performing rapid biodetection assays, we tested the multiwell cavity device by conducting a series of amplifications of a 191-base-pair fragment associated with membrane channel proteins M1 and M2 of the influenza-A virus. 21 Optimized buffer/dNTP mix and primers were obtained in a kit from Maxim Biosciences. After 40 min of incubation in the convective flow device, we achieved levels of amplification comparable to those attainable in a conventional thermocycler (T-Gradient; Biometra; 25 lL reaction volume) using a standard three-temperature cycling protocol (35 cycles, 2.5 h reaction time) ( Fig. 3(i) ). Typical product yields (determined by spectrophotometric analysis of purified products) of 10 ng/lL were achieved in the convective flow device, as compared with 13 ng/lL in the thermocycler. We also studied the effect of initial template concentration and observed no degradation in performance over several orders of magnitude of initial template loading dilutions ( Fig. 3(ii) ), consistent with conventional thermocycler results. Amplification could be achieved in as little as 15 min when the original 3.9 kb template was replaced with a dilution of previous PCR product ( Fig. 3(iii) ). The accelerated reaction speed observed with the 191-base-pair template may be a consequence of more favorable denaturing kinetics relative to the longer 3.9 kb template fragment. This hypothesis is supported by results obtained during amplification of a 474-base-pair fragment associated with the human ß-Actin gene. The convective flow system was able to achieve reliable amplification in 20 min when the human genomic DNA template was replaced with products from a previous reaction run in a conventional thermocycler ( Fig. 3(iv) ). This level of speed is consistent with our expectations of the capabilities of convective flow-based thermocycling systems because individual fluid packets are able to establish thermal equilibrium with their surroundings almost instantaneously as they travel through spatial temperature zones within the reaction cavity. These results illustrate the robustness of cavity-based convective flow PCR systems, and demonstrate their ability to achieve performance comparable to conventional thermocycling hardware.
SUMMARY AND CONCLUSIONS
Harnessing convective flow fields to perform PCR amplification of DNA is an emerging area of research with the potential to offer a simple low-cost alternative to conventional thermocycling equipment. Moreover, RB-PCR systems are capable of achieving rapid cycling times, even approaching those attainable in microfluidic systems, and, at the same time, still operating within a convenient format. Natural convection systems can also serve as a useful platform to perform a variety of thermally activated biochemical reactions where temperature cycling is required (e.g., real-time PCR, cycle sequencing of DNA). Devices can be easily constructed using optically transparent substrates to provide in situ fluorescence detection capability. Finally, multiwell convective flow systems are highly amenable to integration with high-throughput operations based on traditional multiwell plate formats because the cavities can be arrayed to preserve the same inter-well spacing and can be filled and emptied using the same liquid handling hardware-a level of flexibility not available in most microfluidic (or other convective flow-based [22] [23] [24] ) approaches. The primary advantages of the RB-PCR system are (i) a hardware design that is simple and inexpensive to produce, (ii) faster reaction speeds (up to 10Â faster), and (iii) flexibility to incorporate a wide range of reactor volumes and geometries to integrate with existing laboratory protocols and liquid handling systems. We have achieved reaction times as short as 15 min in our current cavity systems using 30 lL volumes (Fig. 3) , and expect reaction times on the order of 10 min or less to be reasonably achievable through the use of smaller reaction volumes (in the 1-5 lL range) and further optimization of the flow field. Our on-going work is focused on addressing these issues, as well as exploring integration with post-PCR processes and interfacing with laboratory workflow. 
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